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Bilinear R–parity violation (BRpV) provides the simplest and most meaningful
way to include such effects into the Minimal Supersymmetrical Standard Model
(MSSM). It is defined by a quadratic superpotential term ǫLH which mixes lepton
and Higgs superfields and mimics the effects of models with spontaneous breaking.
I review some of its main features and show how large ǫ values can lead to a small
neutrino mass radiatively, without any fine-tuning. I discuss the effect of BRpV
on gauge and Yukawa unification, showing how bottom–tau unification can be
achieved at any value of tanβ. However, for very large m ǫ values the large tan β
solution is ruled out.
1 Introduction
Although the Standard Model (SM) works well in describing the phenomenol-
ogy of the strong and electroweak interactions of the known particles it leaves
unanswered some theoretical issues such as the hierarchy problem and the uni-
fication of the gauge couplings at MGUT . These provide strong impetus to the
study of supersymmetric extensions of the SM, the simplest being the Minimal
Supersymmetric Standard Model (MSSM) 1. In this case one can show that
the unification of gauge couplings at MGUT
2,3 occurs for acceptable of the
effective Supersymmetry breaking as well as unification scales.
It is usual to assign to SM state an R–Parity defined by Rp = (−1)3B+L+2S,
where B is the baryon number, L is the lepton number and S is the spin. In
this way, quarks, leptons and Higgs bosons are R–even, and the supersym-
metric particles are R–odd. If R–Parity is conserved, then supersymmetric
particles are produced in pairs in the laboratory. In addition, the lightest
supersymmetric particle (LSP, the lightest neutralino) is stable.
In contrast, if R–Parity is violated then supersymmetric particles can be
singly produced, and the LSP decays into standard quarks and leptons. More-
over, the LSP need not be the lightest neutralino.
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2 R–Parity Violation
Possible terms in the superpotential which violate R–Parity are
WRp/ = λ
′′
ijkÛiD̂jD̂k + εab
[
λ′ijkL̂
a
i Q̂
b
jD̂k + λijkL̂
a
i L̂
b
jR̂k + ǫiL̂
a
i Ĥ
b
2
]
, (1)
Such terms may arise as residues of unification, e.g. as gravitational effects 4.
The first three terms are Trilinear R–Parity Violation (TRpV) terms. Each
of the generation indices i, j, k runs from 1 to 3, thus implying a very large
number of arbitrary parameters. It is impossible to provide a systematic way
to analyze the implications of TRpV, the best one can do is to consider one
or two λ’s different from zero at a time. Some of these couplings are strongly
restricted by proton stability and/or primordial baryon asymmetry survival.
The fourth term in eq. (1) corresponds to Bilinear R–Parity Violation
(BRpV) 5,6, and involves only three extra parameters, one ǫi for each genera-
tion. The ǫi terms also violate lepton number in the ith generation respectively.
Models where R–Parity is broken spontaneously7 through vacuum expectation
values (vev) of right handed sneutrinos 〈ν˜c〉 = vR 6= 0 generate BRpV (and not
TRpV)a. Such spontaneous R-Parity Violation scenarios are also interesting
from the point of view of the electroweak phase transition and baryogenesis 8
as well as phenomenologically, due to the existence of massless pseudoscalar
majoron 7 which brings in the possibility of invisibly decaying Higgs boson 9.
The ǫi parameters are then equal to some Yukawa coupling times vR. This
provides the main theoretical motivation for introducing explicitly BRpV in
the MSSM superpotential. From a practical point of view it provides the most
predictive approach to the violation of R–Parity, which renders possible the
systematic study of its phenomenological implications 10. Here I will mention
the most important features of this model.
For simplicity we set from now on ǫ1 = ǫ2 = 0, in this way, only tau–
lepton number is violated. In this case, considering only the third generation,
the MSSM–BRpV has the following superpotential
W = εab
[
htQ̂
a
3Û3Ĥ
b
2 + hbQ̂
b
3D̂3Ĥ
a
1 + hτ L̂
b
3R̂3Ĥ
a
1 − µĤa1 Ĥb2 + ǫ3L̂a3Ĥb2
]
, (2)
where the first four terms correspond to the MSSM. The last term violates
tau–lepton number as well as R–Parity.
The presence of the ǫ term in the superpotential implies that the tadpole
equation for the tau sneutrino is non–trivial, i.e, the vacuum expectation value
a Of course, this is true in the original basis. If we rotate the Higgs and Lepton superfields
then TRpV terms are generated, as explained later.
2
〈ν˜τ 〉 = v3/
√
2 is non–zero. This in turn generates more R–parity and tau lepton
number violating terms which, as we will see later, induce a tau neutrino mass.
It has often been claimed, by looking at the last two terms in the super-
potential, that the BRpV term be rotated away from the superpotential by a
suitable choice of basis 11. If this were true the ǫ term would be unphysical.
Indeed, consider the following rotation of the superfields
Ĥ ′1 =
µĤ1 − ǫ3L̂3√
µ2 + ǫ23
, L̂′3 =
ǫ3Ĥ1 + µL̂3√
µ2 + ǫ23
. (3)
The superpotential in the new basis is b
W = htQ̂3Û3Ĥ2+hb
µ
µ′
Q̂3D̂3Ĥ
′
1+hτ L̂
′
3R̂3Ĥ
′
1−µ′Ĥ ′1Ĥ2+hb
ǫ3
µ′
Q̂3D̂3L̂
′
3 , (4)
where µ′2 = µ2 + ǫ23. The first four terms are MSSM-like terms and the last
term violates the R–Parity defined in the new basis. Notice that, although
the ǫ term disappears from the superpotential in the new basis, R–Parity is
reintroduced in the form of TRpV. Moreover, supersymmetry must be broken
and this is parametrized by soft supersymmetry breaking terms. The soft
terms which play an important role in BRpV are the following
Vsoft = m
2
H1 |H1|2 +M2L3 |L˜3|2 −
[
BµH1H2 −B2ǫ3L˜3H2 + h.c.
]
+ ... (5)
where m2H1 and M
2
L3
are the soft masses corresponding to H1 and L˜3 respec-
tively, while B and B2 are the bilinear soft mass parameters associated to the
next-to-last and last terms in the superpotential in eq. (2). It is clear, for
example, that Higgs vacuum expectation values 〈Hi〉 = vi/
√
2 induce a non-
trivial tadpole equation and a non-zero vev for the sneutrino through the B2
term in eq. (5).
The soft terms in the rotated basis are given by
Vsoft =
m2H1µ
2 +M2L3ǫ
2
3
µ′2
|H ′1|2 +
m2H1ǫ
2
3 +M
2
L3
µ2
µ′2
|L˜′3|2 −
Bµ2 +B2ǫ
2
3
µ′
H ′1H2
+
ǫ3µ
µ′2
(m2H1 −M2L3)L˜′3H ′1 +
ǫ3µ
µ′
(B2 −B)L˜′3H2 + h.c.+ ... (6)
The first three terms are MSSM-like terms, equivalent to the first three terms
in eq. (5). In fact, in analogy with the MSSM, the coefficients of |H ′1|2 and
|L˜′3|2 could be defined in the rotated basis as the soft masses m′2H1 and M ′2L3
bFor three generations there is also a R̂L̂′L̂′ term.
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respectively, and the coefficient of H ′1H2 would be the new bilinear soft term
B′µ′. Notice however that the last two terms violate R–Parity and tau lepton
number, and correspond to the last term in eq. (5). They are linear in the
slepton and therefore induce a non-zero tau sneutrino vev in the rotated basis
〈ν˜′τ 〉 = v′3/
√
2.
Vacuum expectation values are calculated by minimizing the scalar poten-
tial. In the original basis the extremization (or tadpole) equations are
t1 = (m
2
H1 + µ
2)v1 −Bµv2 − µǫ3v3 + 1
8
(g2 + g′2)v1(v21 − v22 + v23) = 0 ,
t2 = (m
2
H2 + µ
2 + ǫ23)v2 −Bµv1 +B2ǫ3v3 −
1
8
(g2 + g′2)v2(v21 − v22 + v23) = 0 ,
t3 = (M
2
L3 + ǫ
2
3)v3 − µǫ3v1 +B2ǫ3v2 +
1
8
(g2 + g′2)v3(v21 − v22 + v23) = 0 . (7)
The ti are the tree level tadpoles and they are equal to zero at the minimum.
The linear terms of the scalar potential are then Vlinear = t1χ
0
1 + t2χ
0
2 + t3ν˜
R
τ ,
where χ0i =
√
2Re(Hii )− vi and ν˜Rτ =
√
2Re(ν˜τ )− v3. The first two equations
reduce to the MSSM minimization conditions after taking the MSSM limit
ǫ3 = v3 = 0, and in this case, the third equation is satisfied trivially. Note that
ǫ3 = 0 implies two solutions for v3 from the third tadpole in eq. (7), from which
only v3 = 0 is viable, since the second solution would imply the existence of a
massless isodoublet pseudoscalar majoron.
The first two tadpole equations in the rotated basis are
t′1 = µ
′2v′1 +
m2H1µ
2 +M2L3ǫ
2
3
µ′2
v′1 −
Bµ2 +B2ǫ
2
3
µ′
v2 + (m
2
H1 −M2L3)
ǫ3µ
µ′2
v′3
+ 1
8
(g2 + g′2)v′1(v
′2
1 − v22 + v′23 ) = 0 (8)
t′2 = µ
′2v2 +m2H2v2 −
Bµ2 +B2ǫ
2
3
µ′
v′1 + (B2 −B)
ǫ3µ
µ′
v′3
− 1
8
(g2 + g′2)v2(v′21 − v22 + v′23 ) = 0 (9)
where 〈H ′1〉 = v′1/
√
2 and 〈L′3〉 = v′3/
√
2 with v′1 = (µv1 − ǫ3v3)/µ′ and
v′3 = (ǫ3v1 + µv3)/µ
′, as suggested by eq. (3). These two equations resem-
ble the MSSM minimization conditions when we set v′3 = 0. The third tadpole
equation is
t′3 = (m
2
H1 −M2L3)
ǫ3µ
µ′2
v′1 + (B2 −B)
ǫ3µ
µ′
v2 +
m2H1ǫ
2
3 +M
2
L3
µ2
µ′2
v′3
+ 1
8
(g2 + g′2)v′3(v
′2
1 − v22 + v′23 ) = 0 (10)
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In this equation we note that v′3 = 0 if ∆m
2 ≡ m2H1 −M2L3 = 0 and ∆B ≡
B2−B = 0 at the weak scale. In supergravity models with universality of scalar
soft masses and bilinear mass parameters we have ∆m2 = 0 and ∆B = 0 at
the unification scale MGUT ≈ 2× 1016 GeV, but radiative corrections lifts this
degeneracy due to the running of the renormalization group equations (RGE)
between MGUT and Mweak. In the approximation where ∆m
2 and ∆B are
small we find that v′3 is also small and in first approximation given by
v′3 ≈ −
ǫ3µ
µ′2m2ν˜0
τ
(
v′1∆m
2 + µ′v2∆B
)
(11)
where we have introduced
m2ν˜0
τ
≡ m
2
H1
ǫ23 +M
2
L3
µ2
µ′2
+ 1
8
(g2 + g′2)(v′21 − v22) (12)
which reduces to the tau sneutrino mass in the MSSM when we set ǫ3 = 0.
Note that eq. (11) implies that the R–parity-violating effects induced by v′3
are calculable in terms of the primordial effective R–parity-violating ǫ.
3 Neutrino Mass
The presence of tau lepton number and BRpV terms, characterized by the pa-
rameters ǫ3 and v3, leads to a mixing between neutralinos and the tau neutrino
12, as a result of which the tau neutrino acquires a mass mντ . In the original
basis, where (ψ0)T = (−iλ′,−iλ3, H˜11 , H˜22 , ντ ), the scalar potential contains
the following mass terms
Lm = −1/2(ψ0)TMNψ0 + h.c. (13)
where the neutralino/neutrino mass matrix is
MN =


M ′ 0 − 1
2
g′v1 12g
′v2 − 12g′v3
0 M 1
2
gv1 − 12gv2 12gv3
− 1
2
g′v1 12gv1 0 −µ x0
1
2
g′v2 − 12gv2 −µ 0 ǫ3
− 1
2
g′v3 12gv3 0 ǫ3 0


(14)
whereM andM ′ are the SU(2) and U(1) gaugino masses. It can be seen from
eq. (14) that mixings between tau neutrino and neutralinos are proportional
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to ǫ3 and v3. Naively one could think that, due to the strong experimen-
tal constraint on the tau neutrino mass, the parameters ǫ3 and v3 should be
very small with respect to the weak scale and, in fact, this has often been
claimed as a way to dismiss the phenomenological relevance of R–parity vi-
olation. However, the cosmological critical density bound mντ <∼ 92Ωh2 eV
only holds if neutrinos are stable. In the present BRpV model (where there is
no majoron) the ντ can decay into 3 neutrinos, via the neutral current
13, or
by slepton exchanges. This mechanism may be efficient in reducing the relic
ντ abundance below the required level, as long as ντ is heavier than about 100
keV or so. On the other hand primordial Big-Bang nucleosynthesis implies that
ντ is lighter than about an Mev or so. Thus, in addition to the electron-volt
neutrino mass range, we obtain another region, say between .1 to 1 MeV where
heavy ντ masses are cosmologically consistent in the BRpV model. Needless
to say, in the spontaneous breaking version of the model all masses up to the
LEP limit are cosmologically consistent due to the majoron-induced decay and
annihilation channels 14.
Let us now compare the cosmologically allowed values of the tau neutrino
mass with the theoretically predicted ones. In order to do this we embed
our MSSM–BRpV model into supergravity, with universality of scalar (m0),
gaugino (M1/2), bilinear (B), and trilinear (A) soft mass parameters at the uni-
fication scale MX ≈ 2× 1016 GeV 15. The expected mντ values are illustrated
in Fig. 1, where we have imposed the radiative breaking of the electroweak
symmetry by minimizing the scalar potential with the aid of one–loop tadpole
equations. We have made a scan over the parameter space, including the BRpV
parameters ǫ3 and v3, imposing the LEP limit on mντ and that the supersym-
metric particles are not too light. As one can see there is a strict correlation
between the neutrino mass and the magnitude of R–parity-violation given by
ǫ3 and v3 which need not be small. We have explicitly verified that |ǫ3| can be
as large as 400 GeV and that |v3| can be close to 100 GeV without conflicting
with laboratory limits on the tau neutrino mass. An obvious question arises
at this stage: how can we get a small neutrino mass, if so desired? The answer
lies in the fact that the induced neutrino mass is ∝ (ǫ3v1+µv3)2, and this last
combination is what needs to be small. One can see that the contributions to
mντ coming from Higgsino and gaugino mixing, which are proportional to ǫ3
and v3 may nearly cancel, leading to a mass that can be very small, in the eV
or sub-eV range. How natural is such a cancellation? We have found that if
our model is unified a la supergravity with universality of scalar and bilinear
soft mass parameters, the combination (ǫ3v1+µv3) is radiatively induced, and
therefore, naturally small.
In order to appreciate this better we rewrite neutral mass matrix in eq. (14)
6
10
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10
-5
10
-4
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-3
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-2
10
-1
1
10
10
-9
10
-7
10
-5
10
-3
10
-1
1ξ / (100 GeV)4
m
ντ
 
 
(Me
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Figure 1: Tau neutrino mass as a function of the effective R–parity-violating parameter
ξ ≡ (ǫ3v1 + µv3)2.
in the rotated basis. This corresponds to the substitution (v1, v3, ǫ3, µ) →
(v′1, v
′
3, 0, µ
′). In this basis the ǫ term is not present, and the only source of
mixing responsible for the neutrino mass is the vev v′3. In first approximation,
valid when v′3 is small, we get
mντ ≈ −
(g2M + g′2M ′)µ′2v′23
4MM ′µ′2 − 2(g2M + g′2M ′)v′1v2µ′
(15)
Now solving the renormalization group equations for the soft mass parameters
m2H1 , m
2
L3
, B, and B2, in first approximation we get
m2H1 −M2L3 ≈ −
3h2b
8π2
(
m2H1 +M
2
Q +M
2
D +A
2
D
)
ln
MGUT
mZ
B2 −B ≈ 3h
2
b
8π2
AD ln
MGUT
mZ
(16)
Using eq. (11) we can show that the sneutrino vev v′3 given through ξ ≡
(ǫ3v1+µv3)
2 = (µ′v′3)
2 is radiatively generated, with a maximum value of few
GeV or so. The resulting tau neutrino mass is given by
mντ ≈
[
µ′v2AD − v′1
(
m2H1 +M
2
Q +M
2
D +A
2
D
)]2[
2v′1v2 − 4MM ′µ′/(g2M + g′2M ′)
]
µ′m2ν˜0
τ
(
ǫ3µ
µ′2
)2(
3h2b
8π2
ln
MGUT
mZ
)2
(17)
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This mass can be further approximated by
mντ ≈
m2Z
MSUSY
(
ǫ3
MSUSY
)2
h4b ∼ 1 eV (18)
where we have explicitly indicated that 1 eV is a perfectly viable mντ value
in this model. This was obtained for MSUSY ∼ ǫ3 ∼ mZ and hb ∼ 10−2
15. Therefore, mντ can be naturally small, even though the R–parity-violating
parameters are large. The actual scale on neutrino mass can, of course, be
larger, as the smallness of mντ is tightly related to our soft SUSY breaking
terms universality assumption at the unification scale.
4 Unification of Couplings
Unification of the gauge couplings in our model works basically as in the
MSSM. In contrast, Yukawa coupling unification is rather different. To carry
out this discussion we start from the basic superpotential in eq. (2). Similarly
to neutralino-neutrino mixing, charginos also mix with the tau lepton, forming
a set of three charged fermions F±i , i = 1, 2, 3. In the original basis where
ψ+T = (−iλ+, H˜12 , τ+R ) and ψ−T = (−iλ−, H˜21 , τ−L ), the charged fermion mass
terms in the Lagrangian are Lm = −ψ−TMCψ+, with the mass matrix given
by
MC =


M 1√
2
gv2 0
1√
2
gv1 µ − 1√
2
hτv3
1√
2
gv3 −ǫ3 1√
2
hτv1

 (19)
As a result, the tau Yukawa coupling is not related to the tau mass by the
usual MSSM relation. In contrast, hτ depends now on the parameters of the
chargino sector M , µ, and tanβ, as well as the BRpV parameters ǫ3 and v3,
through a formula given in ref. 16. In addition, the top and bottom quark
Yukawa couplings are related to the quark masses in a way different from that
of the MSSM due to the non-zero value of v3/v, i.e.
mt = ht
v√
2
sinβ sin θ , mb = hb
v√
2
cosβ sin θ (20)
where v = 246 GeV and we have defined cos θ ≡ v3/v.
The re-scaling in the bottom quark Yukawa term ensures that the same
quark mass is obtained with the same Yukawa coupling in the two basis. This
re-scaling with respect to the MSSM is non-trivial and has profound conse-
quences in Yukawa unification, as shown in Fig. 2, taken from ref. 17. In this
figure we observe that bottom–tau Yukawa unification can be achieved at any
8
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Figure 2: Pole top quark mass as a function of tanβ for different values of the R–Parity
violating parameter |v3|. Bottom quark and tau lepton Yukawa couplings are unified at
MGUT .
value of tanβ by choosing appropriately the value of v3
17. The horizontal lines
correspond to the 1σ experimental determination of mt. The plot in Fig. 2 is
obtained through a scan over parameter space such that points which satisfy
hb(MGUT ) = hτ (MGUT ) within 1% are kept, where MGUT is the gauge cou-
pling unification scale. Each selected point is placed in one of the regions of
Fig. 2 according to its |v3| value. However, one can see that, for very large
v3 >∼ 40 GeV the large tanβ solution is ruled out. Points with top-bottom-
tau unification are concentrated in the diagonal line at high values of tanβ,
analogously to the MSSM case 17.
In summary, BRpV is the simplest way to introduce R–Parity violation
to the MSSM. The model can be embedded into Supergravity models with
universality of scalar, gaugino, bilinear and trilinear soft mass parameters. In
this case, the induced tau neutrino mass arises radiatively and is naturally
small. The BRpV parameters ǫ3 and v3 need not be small and can be easily of
the order ofmZ . Another important feature is that BRpV changes the relation
between the Yukawa couplings and the masses of the top and bottom quarks
and the tau lepton. As a result, bottom-tau Yukawa unification can be achieved
for any tanβ value, provided we choose appropriately the value of the sneutrino
9
vev v3. Even in the unlikely limit where the tau neutrino is massless with ǫ3 6= 0
(which corresponds to having universality of soft mass parameters at the weak
scale!, which is not natural) R–Parity is not conserved. In fact, even though
the neutralinos decouple from the tau neutrino, the lightest neutralino decays
for example to bbντ through an intermediate sbottom due to the last term in
eq. (4). Thus R–parity violation can be sizeable even if neutrinos turn out
to be very light, as indicated by present solar and atmospheric neutrino data.
Some of the phenomenological implications of the model have been discussed
in ref. 10.
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